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Neuronal Migrations and Axon Fasciculation
Are Disrupted in ina-1 Integrin Mutants
Paul D. Baum and Gian Garriga and peptide reagents can potentially be misleading, ge-
netic studies of integrin function are crucial.Department of Molecular and Cell Biology
Vertebrate mutants have established requirements forUniversity of California
integrins in blood cell attachment and migration (Ander-Berkeley, California 94720±3204
son et al., 1995; Hirsch et al., 1996), but not in neural
development. Indeed, integrin gene knockout pheno-
types in mice have often contradicted the predictions
Summary of previous in vitro experiments (reviewed by Fassler et
al., 1996; Hynes, 1996). For instance, expression data
Integrins are heterodimeric cell surface receptors im- and invitro studiessuggested that the a4 integrin subunit
plicated in cell adhesion and signaling. Our analysis functioned in neural crest migration (Dufour et al., 1988;
of C. elegans ina-1 a integrin mutants provides the Sheppard et al., 1994; Stepp et al., 1994). Nevertheless,
first genetic evidence that migrating neurons require neural crest±derived tissues still formed in mutant mice
integrins. Mosaic analysis and expression studies show lacking the a4 subunit (Yang et al., 1995). In another
that ina-1 acts autonomously in cells to promote their example, cell culture and antisense perturbation experi-
migrations. Although axons generally extend to their ments suggested a major role for the collagen- and
normal targets in ina-1 mutants, bundling of axons laminin-binding a1 integrin subunit in neural crest cell
into fascicles is defective, defining a previously un- migration and neurite outgrowth (Lallier and Bronner,
recognized role for integrins. In addition to these neu- 1993; Perris et al., 1993; Tomaselli et al., 1993), but a
ronal phenotypes, ina-1 mutants also display many recent mouse knockout of the a1 gene displayed no
morphogenetic defects. Finally, we show that the C. developmental phenotype (Gardner et al., 1996).
elegans INA-1 a integrin subunit associates with the Early lethality makes analysis of neuronal develop-
PAT-3 b subunit in vivo, suggesting that these proteins ment in other mouse integrin mutants difficult, but chi-
function together in cell migration, axon fasciculation, meric animals can be generated. Surprisingly, analysis
and morphogenesis. of b1 integrin knockout cells in chimeric mouse embryos
revealed no requirement for integrins in the cell migra-
tions of the developing nervous system, despite the fact
Introduction that the single b1 mutation disrupted the function of at
least nine b1-containing integrin heterodimers at once.
Integrins are a family of heterodimeric integral mem- Mutant central nervous system and neural crest cells
brane proteins that connect the actin cytoskeleton in- migrated normally (Fassler and Meyer, 1995). This result
side cells to molecules on the surface of neighboring contradicted a battery of antisense, antibody, and pep-
cells or to extracellular matrix molecules, such as lami- tide perturbation experiments suggesting that these
nin or fibronectin (Hynes, 1992). In mammals, 16 a inte- neuronal migrations require b1 integrins (Thiery et al.,
grin subunits and 8 b subunits combine to form over 20 1985; Jaffredo et al., 1988; Galileo et al., 1992; Lallier
unique heterodimers (Sonnenberg, 1993). In general, a and Bronner, 1993). Although almost all mouse integrin
subunits determine the ligand binding and functional genes have now been knocked out, to date no neuronal
specificity of the heterodimer, while b subunits are more defects have been described in any of these mutants.
widely expressed and may pair with multiple a subunits The fruit fly Drosophila melanogaster and the nema-
(Hynes, 1992). A wealth of biochemical evidence sug- tode Caenorhabditis elegans have far fewer integrin
gests that integrins can function both in adhesion and genes than vertebrates and promise to simplify the
in signal transduction, functions that involve many other genetic analysis of integrins in nervous system develop-
proteins associated with the cytoplasmic domains of b ment. Cell adhesion defects, but not cell or growth cone
integrin subunits (reviewed by Richardson and Parsons, migration defects, have been described for mutants
1995). lacking function of the three Drosophila position-spe-
Integrins have been proposed to play central roles in cific (PS) integrins (reviewed by Gotwals et al., 1994). In
cell migration and axon outgrowth (Hynes and Lander, particular, clones of neurons in the Drosophila eye that
1992). Until recently, the only tools to probe integrin lack PS integrin function send out normal axon projec-
function in nervous systemdevelopment have beenanti- tions (Zusman et al., 1993).
bodies, antisense oligonucleotides, and peptides, which In C. elegans, two a integrin subunits and one b sub-
may not be completely specific in their effects. Antibod- unit have been found to date. The b subunit gene, pat-3,
ies and peptides only inactivate the integrin extracellular was cloned by degenerate polymerase chain reaction
domain, and may inadvertently result in inappropriate (PCR) (Gettner et al., 1995). pat-3 mutants are paralyzed
signaling or thedepletion of scarce cytoplasmic proteins and arrested at 2-fold elongation due to body wall mus-
by the still-functional cytoplasmic domain of the integrin cle defects (Williams and Waterston, 1994). ina-1, de-
(Schachner, 1993). For example, the defects produced scribed here, encodes an integrin a subunit. Sequencing
by treating fibroblasts with anti-a5 integrin antibodies of most of the C. elegans genome by the genome se-
were not seen in fibroblasts from mutant mice lacking quencing project has identified only one other a integrin
the a5 integrin when both sets of cells were compared gene, F54F2.1 (Wilson et al., 1994); its mutant phenotype
has not yet been published.in vitro (Yang et al., 1993). Because antibody, antisense,
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In this paper, we show that ina-1 functions cell autono- at theN-terminus of theprotein; gm88 alters a conserved
glycine in an extracellular repeat. gm144 is a missensemously in long-range neuronal migrations, and that a
GFP-tagged INA-1 protein is expressed in these migrat- mutation in the extracellular domain near the plasma
membrane. This mutation is predicted to be in the shorting cells, providing the first genetic evidence that inte-
grins function in neuronal migrations. Despite neuronal chain of INA-1 (Wehrli et al., 1993), and is the first re-
ported point mutation in this part of an a subunit. Thiscell migration defects, axons can still extend to their
normal length in ina-1 mutants. This isa surprising result, allele is phenotypically distinct from the others, as dis-
cussed below.because many experiments have shown that antibodies
against integrins most homologous to ina-1 can severely
curtail axon outgrowth in vitro (Tomaselli et al., 1988, Neuronal Migrations Are Disrupted in ina-1 Mutants
Four groups of neurons migrate long distances during1993; de Curtis and Reichardt, 1993; Weaver etal., 1995).
Although axons grow to normal lengths in ina-1 mutants, C. elegans development: the CANs, ALMs, and HSNs in
embryos, and the Q neuroblasts and their descendantswe find that the bundling of axons into nerve fascicles is
disrupted in these animals. Integrins have not previously in larvae (reviewed by Hedgecock et al., 1987). ina-1 is
required for all of these cell body migrations (Figure 2).been proposed to play a role in axon fasciculation. ina-1
mutants also display defects in morphogenesis of the The migrations of the CAN neurons are more strongly
disrupted than those of other cell types, making it possi-head, pharynx, vulva, gonad, uterus, and male tail, yet
early embryogenesis, including gastrulation, proceeds ble to compare the strengths of different alleles on the
basis of the CAN phenotype: of the three viable alleles,normally. Finally, we present coimmunoprecipitation
data that suggest that INA-1 functions with the PAT-3 gm144 appears stronger than gm39 and gm119. ina-1
is also required for the migrations of some nonneuronalb integrin subunit.
cells, such as the coelomocyte mother cells and the
distal tip cells of the gonad, but not for others, such asResults
the M mesoblast and the Z1 and Z4 gonad progenitor
cells (data not shown). Following the Q descendantsina-1 Encodes an a Integrin
Five recessive alleles of ina-1 were isolated in direct by Nomarski optics in gm144 mutants showed that all
phases of these migrations were slowed.screens for mutants with misplaced neurons (see Exper-
imental Procedures). Three alleles are viable (gm39, Although the ina-1(gm86) null mutants should lack
all zygotic integrin function, maternal contribution ofgm119, and gm144), and two result in first stage (L1)
larval arrest (gm86 and gm88). The ina-1 gene was integrin RNA or protein could mask essential functions
of ina-1 in the developing embryo. Animals lacking bothmapped genetically and cloned by transformation res-
cue (see Experimental Procedures); ina-1 encodes an a maternal and zygotic ina-1 were obtained from a strain
chromosomally mutant for ina-1(gm86) with an unstableintegrin subunit previously designated F54G8.3 by the
C. elegans genome sequencing project (Wilson et al., transgene providing functional, GFP-tagged ina-1. Her-
maphrodites that segregated only mutant, non-GFP-1994). Sequencing of a full-length ina-1 cDNA confirmed
the gene structure predicted by the Genefinder program expressing progeny had presumably lost the transgene
in the germ line. The progeny of these gm86 germ line(P. Green, unpublished data). An alignment of the ina-1
predicted sequence with other a integrin subunits has mosaic parents hatched as L1 larvae, and did not mani-
fest morphogenesis or cell migration defects any morebeen published (Wehrli et al., 1993). INA-1 is z30%
identical to its closest relatives, Drosophila aPS1 and ver- severe than those of gm86 animals from gm86/qC1 het-
erozygous parents (data not shown). In contrast, theretebrate a3, a6, and a7 (Wehrli et al., 1993), all of which
bind laminin (Gotwals et al., 1994). is a measurable maternal contribution of the Drosophila
bPS integrin (Leptin et al., 1989).The lesions for four of the five ina-1 alleles have been
identified (Figure 1). gm86 is a nonsense mutation that
is likely to eliminate gene function because it ispredicted ina-1 Acts Cell Autonomously in Neuronal Migrations
Models of cell migration predict that integrins functionto truncate the INA-1 protein before the transmembrane
domain. gm88 and gm39 are both missense mutations in the plasma membranes of migrating cells by binding
Figure 1. Mutations in ina-1 Alleles
The predicted 1139 amino acid ina-1 gene
product (accession number Q03600). Boxes
indicate domains conserved among a inte-
grins (Wehrli et al., 1993). The N-terminal
extracellular domain contains seven homol-
ogous repeats. Repeats V and VII (cross-
hatched) contain calcium-binding EF hand
motifs. The protein is depicted as cleaved
into two disulfide-linked chains, but this pre-
diction from homology has not been experi-
mentally verified. Also boxed are a signal sequence (S), the transmembrane domain (TM), and a conserved sequence in the cytoplasmic
domain of a integrins (C). The locations of predicted amino acid changes are depicted for four of five ina-1 alleles. (The lesion for gm119 has
not been found.) L1 lethal alleles are placed above the protein schematic, and weak alleles are placed below. Base changes were consistent
with EMS mutagenesis: gm88: G166 to A; gm86: G1639 to A and G1830 to A; gm39: G356 to A; gm144: C3215 to T. (Nucleotide numbers
refer to the cDNA sequence for F54G8.3, accession number Z19155.)
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Figure 2. Cell Migration Defects in ina-1 Mutants
(A) Embryonic neuronal migrations. In the top right corner is a diagram of the routes of embryonic neuronal migrations. The CAN and ALM
migrate posteriorly, and the HSN migrates anteriorly; these neurons are bilaterally symmetric left and right pairs (only one side is depicted in
the figure). The final positions of migrating cells were scored in first stage larvae, after the animals had elongated. Each neuronal type is
represented by its own chart, and each row on each chart represents results for a different allele (n . 25 cells per allele). The area of each
circle in the chart is proportional to the percentage of neurons in that position along the anterior-posterior axis of the worm. Hypodermal cell
positions, which were used to measure distances, are depicted along the X axis; the eye-like shapes represent the appearance of their nuclei
by Nomarski optics. The top row of cells are the V cells, and the bottom row are P cells. Other landmarks shown on the X axes are the
posterior bulb of the pharynx (at the left of the CAN and ALM charts), the anus (at the right of the HSN chart), and the gonad (the gray oval
at the right of the CAN and ALM charts and at the left of the HSN chart). Arrows indicate the direction and the approximate migration distance
seen in the wild-type strain, N2.
(B) Larval neuronal migrations. The drawing at the left depicts a head (top) and tail (bottom) of a first stage larva, with the QR and its
descendants migrating anteriorly, and the QL and a descendant migrating posteriorly. Arrows are broken off at points of cell division; the
letters a or p denote anterior or posterior daughter cells, respectively. The pharynx, gonad, and anus are shown for reference. Only the furthest
migrating descendants of the QR and QL neuroblasts are shown; see Hedgecock et al., 1987, for a complete description. Although all of the
migrations of the Q lineage are disrupted in ina-1 mutants, we show here the final positions of the QR.pa daughters, AVM and SDQR (n . 25
cells for each allele). Since these migrations are scored in slightly older larvae than in (A), the X axis landmarks are now the anterior and
posterior daughters of the V cells. While the charts in (A) represented only anterior or posterior portions of worms, the X axis on this chart
represents almost the entire length of the worm. Only data for hypomorphic alleles are shown; ina-1(gm86) and ina-1(gm88) animals arrest
before Q cell migrations take place.
the extracellular matrix on which the cells migrate. Al- 3A shows our data for the CAN migration phenotype.
Only loss of the wild-type ina-1(1) gene in the CAN cellsthough ina-1 mutants display many cell migration de-
fects, these defects could result secondarily from other or their ancestors caused CAN migration defects. In
particular, late losses of the gene in either the CANL oranatomical derangements caused by the lack of INA-1.
To show that ina-1 functions in the CAN and Q cells to the CANR lineage only affected the migration of the
genotypically mutant cell. Conversely, losses of thepromote their migrations, we analyzed mosaic animals
that lacked ina-1 function in certain cells (see Herman, array in other parts of the lineage did not produce CAN
migration phenotypes. A similar analysis shows that1989, for an extensive review of this technique). Figure
Neuron
54
ina-1 functions cell autonomously in the QR descen- the bundling of axons into fascicles in two anatomical
locations. Anti-GABA staining revealed that ventraldants (Figure 3B).
nerve cord axons of partial loss-of-function ina-1 mu-
tants are defasciculated (Figures 4A and 4B). Second,Axons Extend to Their Normal Targets in ina-1 Mutants
Cell migration and axon outgrowth are thought to be dye loading of the amphid neurons in the heads of ina-1
mutants showed that these axons are also defascicu-mechanistically similar (Letourneau et al., 1994), and
antibodies against the laminin binding vertebrate inte- lated (Figures 4C and 4D). The amphid fasciculation
defect does not result from the notched head phenotypegrins most closely related to ina-1 have been shown to
block axon outgrowth in vitro (Tomaselli et al., 1988, described below because the defasciculation also oc-
curs in ina-1(gm144) animals, which have normally1993; de Curtis and Reichardt, 1993; Weaver etal., 1995).
Hence, we were surprised to find that despite the wide- shaped heads.
spread requirement for ina-1 in migrating cells, axons
can still extend to their normal targets in ina-1 mutants.
ina-1 Mutants Show Many Defects in MorphogenesisOur survey included anteriorly directed (CAN, HSN,
Although ina-1 is not required for early morphogeneticRMG, and DVB), posteriorly directed (AVL, AVKR, ALA,
events, such as gastrulation and elongation, ina-1 ani-and CAN), ventrally directed (DVB, RMG, ALA, and HSN),
mals exhibit many other morphogenetic defects. Mostand dorsally directed (DD and VD) growth cones located
striking is the notched head phenotype, shown in Fig-throughout the worm (data not shown). We consistently
ures 5A and 5B and quantified in the Figure 5 legend.found normally extended axons for all of these neurons,
The notched head defect is not fatal, since hypomorphicwith the exception of ALA, which was sometimes miss-
mutants with notched heads still develop into viable anding one of its two processes. We observed occasional
fertile adults. Mutations in vab-1, vab-2, vab-3 (Brenner,pathfinding defects, particularly of the HSNL processes,
1974; Chisholm and Horvitz, 1995), mig-10 (Manser andbut these defects may well have been secondary conse-
Wood, 1990), and several additional genes also producequences of cell migration defects that caused the grow-
notched head phenotypes. Some of these genes areing axon to be mispositioned relative to its normal guid-
necessary for cell migrations and may encode proteinsance cues (Garriga et al., 1993). We also examined the
that function with integrins. Despite the prevalence ofDD processes in ina-1(gm86) L1 larvae and mutant CAN,
notched head mutants, the anatomical cause of theseamphid, and phasmid axons in ina-1(gm86) mosaic
head defects had not been determined. Using the mono-adults, and found that all of these axons could still ex-
clonal antibody MH27 (Francis and Waterston, 1991),tend to their normal lengths despite the fact that they
which stains the belt desmosomes lining epithelial cellscompletely lacked ina-1 function.
(called hypodermal cells in C. elegans), we found that
the ina-1 notched head is caused by a defect in theAxons Do Not Fasciculate Properly in ina-1 Mutants
attachment of the hyp5 hypodermal cell to the ventralAlthough axons generally grew to their normal lengths
in ina-1 mutants, we observed unexpected defects in hyp6 and lateral H0 cells behind it (Figures 5C and 5D).
Figure 3. ina-1 Neuronal Migration Defects Are Cell Autonomous
(A) Mosaic analysis for the CAN migration phenotype. Selected parts of the C. elegans lineage are shown. Circles represent the positions of
array losses in individual mosaic animals. A circle is closed if the animal had a CAN migration defect and open if the animal had normal CAN
migrations. If only one of the animal's CANs had a migration defect, the affected cell is specified in the circleÐeither L or R for the left or
right CAN, respectively.
(B) Mosaic analysis for the QR cell descendant migration phenotype. As in (A), selected parts of the C. elegans lineage are shown, and the
phenotypes of mosaic animals are represented with closed and open figures. In this case, the QR.pa descendants, AVM and SDQR, were
scored. Double losses in the same animal are represented by two boxes with matching symbols.
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Figure 4. Axon Fasciculation Defects in ina-1 Mutants
(A and B) Anti-GABA staining of ventral cord motor neurons in young adult hermaphrodites. Animals are ventral side up, with heads to the
left; for clarity, only a representative section of the ventral nerve cord between the head and the vulva is shown.
(A) Wild type. All ventral nerve cord processes (shown between arrows) run near one another, and all commissures (in this region of the body)
extend to the right.
(B) ina-1(gm119). Ventral cord processes are defasciculated (shown with arrows). Some commissures that normally extend to the right
occasionally extend to the left instead (not shown).
(C and D) Processes of amphid neurons revealed by DiO dye loading. Left lateral views of (C) wild typeand (D) ina-1(gm144) adult hermaphrodites.
Arrows show (C) normal fasciculation and (D) defasciculation of the amphid axons at similar positions in the pharyngeal nerve ring. The scale
bar is 10 mm.
This defect could reflect a requirement for ina-1 in the implicated in muscle attachment (Leptin et al., 1989;
Williams and Waterston, 1994), muscle attachments ap-hypodermal cells, or could be caused by misattachment
of the underlying muscles. To distinguish between these peared normal in transmission electron micrographs of
ina-1(gm86) pharynxes, (data not shown). We have thuspossibilities, we examined ina-1 mosaic adults that had
notched heads. The ina-1(1) losses in these animals, far been unable to define the cause of the ina-1 pharyn-
geal defects.shown in Figure 5E, were all in the early AB lineage,
consistent with a direct role for ina-1 in the hypodermis. In addition to the notched head phenotype, adult
hypomorphic ina-1 hermaphrodites also manifest de-Strikingly, ina-1(gm144) does not produce notched
head animals, in spite of the fact that gm144 causes fects in gonadal, uterine, and vulval morphogenesis (not
shown). Gonad arms are occasionally misdirected, re-more severe cell migration defects than other weak al-
leles, gm39 and gm119, both of which frequently pro- flecting defects in distal tip cell migration. The gonad
tubes are often oddly sized, and germ cells are able toduce the notched head phenotype. The specificity of
gm144 does not appear to bedue togenetic background leak out of the gonad, possibly due to defects in gonad
sheath cells or in the gonad basement membrane. Maleeffects because, when tested in ina-1(gm144)/ina-1
(gm86) transheterozygotes, gm144 failed to complement mutants show general defects in male tail morphogene-
sis and are unable to mate.the cell migration defects of gm86 but complemented
the notched head defect of gm86 (W. Forrester, personal
communication). Thus, the function of ina-1 in migrating INA-1 Is Expressed in Early Embryos
and in the Developing Pharynxcells appears to be separable from its function in the
head hypodermis. To determine the expression pattern of INA-1 protein,
we raised mouse and rabbit antisera to a peptide mim-ina-1(gm86) and ina-1(gm88) mutants arrest as larvae,
unable to feed because their pharynxes are misshapen icking the INA-1 cytoplasmic domain. The antibody
staining experiments detect endogenous INA-1 becauseand defective. This cause of death is consistent with
our failure to find viable mosaic animals with early MS the staining could be competed away with excess INA-1
peptide (data not shown), and because it was undetect-losses, because many cells of the pharynx are derived
from the MS lineage. Although other integrins have been able in ina-1(gm86) embryos and larvae (not shown
Neuron
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Figure 5. ina-1 Head Morphogenesis Defect
(A and B) Nomarski photomicrographs of (A) wild-type and (B) ina-1(gm86) L1 (first stage) larvae. Heads are to the left, with the ventral side
down. The notched head defect is always seen on the ventral side (arrowhead), and the pharynx always runs in the dorsal section of the
head. The scale bar is 25 mm.
(C and D) Hypodermal cell boundaries in (C) wild-type and (D) ina-1(gm86) L1 larvae revealed by MH27 staining. The hypodermal syncitia
hyp5, hyp6, and hyp7 are labeled, as are the lateral hypodermal seam cells, H0 and H1. In wild-type animals, the hyp5 syncitium forms a ring
around the nose, bounded anteriorly by hyp4. The posterior edge of hyp5 is attached to hyp6 ventrally and dorsally and to the left and right
H0 seam cells laterally. In ina-1(gm86) mutants, the hyp4 and hyp5 rings are much smaller, encircling only the dorsal portion of the split head
(not visible in this focal plane). The dorsal attachment of hyp6 to hyp5 is normal. The lateral attachments of H0 seam cells to hyp5 are smaller
than normal, and the ventral hyp6 is completely detached from hyp5. Notched head defects cannot be detected in ina-1(gm86) animals by
MH27 until after embryonic elongation. The scale bar is 25 mm.
(E) Mosaic analysis of the notched head defect. Nine notched head L4 larvae were picked from an ncl-1 ina-1(gm86); gmEx128 mosaic strain.
The point at which the ina-1(1) array was lost is represented as a dot for each animal. The parts of the lineage that give rise to the hypodermal
cells affected by the notched head defect are shown. Penetrances of the notched head phenotype: 0% in wild type, 0% in gm144, 40% in
gm39, 62% in gm88, 65% in gm119, and 78% in gm86 (n . 200 for each allele).
and Figure 7C). Antisera from both mice and rabbits however, most cells no longer expressed GFP, making
expression of the GFP reporter in the migratory Q neuro-gave the same staining pattern, shown in Figure 7.
Embryos began to stain with anti-INA-1 antisera during blasts and their descendants quite distinct (Figure 7D).
In L1 larvae, these cells turned on GFP as they begangastrulation, with all cells expressing low levels of INA-1.
In older, comma-stage embryos, there was an increased their migrations, and then turned it off when the migra-
tions were completed. In older larvae, some of thelevel of INA-1 in the basement membrane of the devel-
oping pharynx (Figure 7A). Pharyngealstaining persisted Q-derived neurons turned GFP back on. Other migrating
cells in larvae also expressed GFP, notably the distalin older embryos and larvae (Figure 7B and data not
shown). tip cells of the hermaphrodite gonad and the P cells.
Cells in organs undergoing morphogenesis, such as the
hermaphrodite uterus and vulva and the male tail, alsoAn INA-1-GFP Reporter Is Expressed in Migrating
Cells and during Morphogenesis expressed high levels of GFP. Finally, the GFP reporter
was also expressed in many nonmigratory neurons, in-Although ina-1 acts cell autonomously in the migrating
CANs and Q descendants, our antibodies were unable cluding neurons in the head, tail, and ventral nerve cord,
at various times during larval and adult stages (Figureto detect INA-1 in these cells, perhaps because they
only expressed low levels of protein. As an alternative, 7E). In summary, the expression pattern of INA-1, de-
duced from antibody staining and a GFP-taggedwe tagged INA-1 at its C-terminus with GFP (Chalfie et
al., 1994). This construct retained all introns as well as transgene, correlated well with the phenotypes seen in
ina-1 mutants.all genomic sequences extending to the flanking genes
in the region. The ina-1-GFP transgene was able to res-
cue all phenotypes of an ina-1(gm86) mutant, sug- INA-1 Is Associated with PAT-3 in Embryonic
Membrane Extractsgesting that cells expressing the GFP reporter are those
that normally express INA-1 protein. Embryonic GFP Since only one b integrin subunit, PAT-3, has been
discovered to date in C. elegans, we decided to testexpression was identical to that seen with anti-INA-1
antisera: ubiquitous expression beginning at gastrula- whether it formed a heterodimer with INA-1 in vivo. Gett-
ner and colleagues showed that an antiserum to C. ele-tion, with more pronounced expression in the devel-
oping pharynx. Because all cells of the embryo ex- gans PAT-3 can coimmunoprecipitate several putative a
integrin bands (Gettner et al., 1995). We have been un-pressed moderate levels of GFP during the migrations
of the CAN, ALM, and HSN neurons, we were unable to able to determine which, if any, of these bands is INA-1,
because our mouse and rabbit antisera are unable todetect any changes in the levels or localization of GFP
in these neurons during their migrations. In L1 larvae, recognize INA-1 on Western blots of worm protein. We
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Figure 6. INA-1 Expression Pattern
(A±C) Anti-INA-1 immunofluorescence.
(A) Lateral view of a 1.5-fold embryo, approxi-
mately midway through embryogenesis. The
developing head is to the left, and the tail is
to the right. Although all cells express a low
level of INA-1, there is increased staining in
the region of the developing pharynx (arrow-
heads).
(B) Lateral view of a late stage embryo. The
pharynx still stains brightly (arrowheads). The
intestinal staining (arrows) is not due to INA-1
protein because it persists in ina-1(gm86)
molecular null mutants ([C], arrows).
(D and E) L1 larvae bearing the ina-1-GFP
reporter construct gmIs5. Anterior is to the
left, and ventral is down.
(D) INA-1-GFP is expressed in the migrating
Q cell lineage, beginning with the initial migra-
tions of the Q cells. Here, the QR and QL
daughters are shown. The photomicrograph
shows the right side of the animal, with the
left side of the same animal in the inset.
(E) Neuronal expression of INA-1-GFP is seen
in the head and ventral nerve cord (arrow-
heads). The scale bar is 10 mm.
have, however, been able to perform the reciprocal in vivo, and suggest that INA-1 and PAT-3 function as
a heterodimer.experiment: rabbit anti-INA-1 antiserum can immuno-
precipitate PAT-3 from embryonic membrane extracts
(Figure 6). To show that the coimmunoprecipitation of Discussion
PAT-3 depends on the presence of INA-1, we made
extracts from a strain bearing the ina-1-GFP transgene, An a Integrin Is Required in Migrating Neurons
Although integrins are thought to play an important rolegmEx125, and showed that anti-GFP antiserum can im-
munoprecipitate PAT-3 from an ina-1(gm86); gmEx125 in neuronal migrations, no genetic experiments in verte-
brates have supported this notion. Almost every knownextract, but not from a wild-type extract. Taken together,
these data show that INA-1 and PAT-3 are associated vertebrate integrin subunit has been knocked out in
Neuron
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Figure 7. Association of INA-1 Protein with b
PAT-3 in Membrane Extracts
All lanes are from a Western blot probed with
an anti-PAT-3 antiserum, with positions of
molecular weight markers (Biorad) indicated
on the left. The arrow indicates the PAT-3
band, which runs at 120 kDa under reducing
conditions.
(A) Wild-type embryonic membrane extract.
(B±E) Immunoprecipitations from wild-type
embryonic membrane extract using the fol-
lowing antisera: (B) rabbit preimmune serum;
(C) rabbit anti-INA-1 serum; (D) anti-INA-1 se-
rum preadsorbed with INA-1 peptide; (E) anti-
GFP serum.
(F) An anti-GFP immunoprecipitation from an
ina-1(gm86); gmEx125 {ina-1-GFP} embry-
onic membrane extract.
mice, yet no neuronal migration defects have been re- maintenance of coherent axon bundles as the animal
grows in size. The ubiquitous expression of an ina-ported for any of these mutants. For example, cells lack-
ing the b1 integrin subunit can migrate throughout the 1-GFP reporter gene in embryos and its neuronal ex-
pression in larvae are consistent with a role for ina-1 incentral nervous system and neural crest, possibly be-
cause of the redundant or compensatory action of other the axons themselves, but it is also possible that the
integrin functions in glial or hypodermal cells to bundlereceptors (Fassler and Meyer, 1995). Here, analyzing
the anatomically and genetically simpler organism C. the axons together.
elegans, we have documented that the a integrin subunit
ina-1 is required for all long-distance neuronal migra- ina-1 Functions Generally in Morphogenesis
Many mouse and Drosophila a integrin mutants manifesttions. Further, we have established that the requirement
for ina-1 is cell autonomous for the migrations of the organ morphogenesis defects. These phenotypes in-
clude the heart defects of mouse a5 mutant embryosCAN neurons, as well as the QR neuroblast and its de-
scendants. Finally, we have shown dynamic expression (Yang et al., 1995), the kidney defects seen in mouse a3
or a8 mutants (Fassler et al., 1996; Kreidberg et al., 1996),of a GFP-tagged INA-1 protein during the larval migra-
tions of the Q neuroblasts and their descendants. Taken and the wing defects of fly PS integrin mutants (Gotwals
et al., 1994). Consistent with these results, we havetogether, the mutant phenotypes, expression pattern,
and mosaic analysis are the first genetic evidence that found that ina-1 is required for proper morphogenesis
of many structures in C. elegans: the head, pharynx,integrins play an essential cell-autonomous role in neu-
ronal migrations. ina-1 is not absolutely required for cell gonad, vulva, uterus, and male tail. Surprisingly, the
myriad short-range migrations of early embryogenesismotility or directional guidance because all neurons can
migrate partially in the proper direction in mutants lack- proceed normally in ina-1 null mutants deprived of any
maternal ina-1 contribution, despite the fact that INA-1ing all zygotic and maternal gene function.
is ubiquitously expressed in early embryos. This is puz-
zling, since organ morphogenesis, which should requireA Previously Unrecognized Role for Integrins
in Axon Fasciculation the same type of cell movements, is affected in ina-1
mutants. Nevertheless, all integrin subunit mutants iso-Based on in vitro assays, many integrins, particularly of
the laminin-binding class, are thought to be involved in lated to date, including the lethal mouse b1, Drosophila
bPS, and nematode pat-3 mutants, proceed normallyboth cell migration and axon outgrowth, and current
models of cell migration and axon outgrowth propose through early embryogenesis, suggesting that other re-
ceptors, such as cadherins, may be more important thanthat theseprocesses are mechanistically similar (Letour-
neau et al., 1994). Surprisingly, although mutants in ina-1 integrins for the early formation of embryos (Leptin et
al., 1989; Williams and Waterston, 1994; Fassler andshow general defects in neuronal cell body migrations,
axons still extend to their normal lengths. These results Meyer, 1995; Stephens et al., 1995).
show that cell migration and axon outgrowth are geneti-
cally separable, and place ina-1 in a different phenotypic Hypomorphic Alleles Demonstrate Separable
Functions for ina-1class from genes such as mig-2, unc-34, and unc-73,
which are required for bothcell body migration and axon ina-1(gm144) differs from the four other ina-1 alleles
because it does not have a notched head defect, despiteelongation (Hedgecock et al., 1987; Desai et al., 1988;
McIntire et al., 1992; Forrester and Garriga, 1997). Al- having strong defects in cell migration. While all other
mutations were mapped to the N-terminus of the inte-though ina-1 is not required for axon outgrowth, it is
possible that this process could be mediated by another grin, the gm144 lesion is very close to the transmem-
brane domain. One possible explanation for the pheno-a integrin.
The axon fasciculation defects of ina-1 mutants reveal typic difference of gm144 is that INA-1 binds two distinct
ligands for head morphogenesis and cell migration. Ina previously unrecognized role for integrins in either
the initial routing of axons into fascicles or the later this case, ina-1(gm144) would only disrupt one of the
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otherwise noted: L. G. III; dpy-17(e164), ncl-1(e1865) (Hedgecocktwo interactions, while the other mutations would affect
and Herman, 1995); unc-36(e251), sma-2(e502), unc-32(e189), lin-both. The proximity of the ina-1(gm144) lesion to the
12(n676n909) (Greenwald et al., 1983); ced-7(n1892) (Ellis et al.,plasma membrane hints at a more speculative possibil-
1991); and unc-69(e587), dpy-18(e364). The L. G. III balancer qC1
ity: the residue mutated in ina-1(gm144) might play a was described by Austin and Kimble (1987). L. G. V, unc-34(e566).
role in modulation of integrin affinity. Epitope mapping
of monoclonal antibodies to the extracellular domain of
Isolation of ina-1 allelesthe b1 chain suggests that the N-termini of integrins are
Four ina-1 alleles were identified in a clonal Nomarski screen toresponsible for ligand binding, while the regions closest
isolate mutants with misplaced HSNs (D. Parry, P. B., and G. G.,
to the membrane are important in regulating integrin unpublished data). gm39, gm86, gm88, and gm119 all mapped to
activation (Shih et al., 1993). Perhaps cell migrations chromosome III by two-factor mapping with unc-32, and all failed
require dynamic regulation of ina-1 adhesion while hy- to complement each other for the notched head and HSN migration
phenotypes. gm144, which was identified in a screen for mutantspodermal cell attachment in the head does not.
with misplaced CANs, showed linkage to unc-32 and failed to com-
plement the CAN migration defect of gm86 (W. Forrester, E. Perens,
INA-1 and PAT-3 Function as a Heterodimer J. Zallen, and G. G., unpublished data).
We have shown that antibodies to INA-1 can immuno-
precipitate PAT-3, suggesting that the two integrin sub-
Cloning of ina-1units function as a heterodimer. Indeed, to date, PAT-3
The following crosses mapped ina-1(gm86) to the 0.5 map unit
is the only b integrin subunit identified in worms. What interval between unc-32 and ced-7. From 1 1 ina-1/ unc-32 lin-
would the ligand(s) for this heterodimer be? One candi- 12 1 heterozygotes, seven of seven Unc non-Lin recombinants seg-
date is laminin. First, mutants in the gene epi-1, which regated ina-1. From 1 ina-1 1 1/ sma-2 1 ced-7 unc-69 heterozy-
gotes, we isolated Unc non-Sma and Sma non-Unc progeny. Ofencodes a laminin a chain (K. Joh, D. Hall, J. Yochem,
10 Unc non-Sma recombinants, 1 segregated Ced Ina progeny, 6I. Greenwald, and E. Hedgecock, personal communica-
segregated Ina non-Ced progeny, and 3 segregated Ced non-Ination), showgeneral cellmigration defects similar to those
progeny. Of 12 Sma non-Unc recombinants, 8 segregated Ced non-
seen in ina-1 mutants (K. Joh, D. Hall, J. Yochem, I. Ina progeny, 2 segregated Ina non-Ced progeny, and 2 segregated
Greenwald, and E. Hedgecock, personal communica- neither Ina nor Ced progeny.
tion; Forrester and Garriga, 1997; D. Parry, P. B., and Because this 630 kb region between unc-32 and ced-7 had been
sequenced by the C. elegans Genome Sequencing Project, we in-G. G., unpublished data). Second, all integrin subunits
jected the cosmid F54G8, which was predicted to contain an amost closely related to INA-1 in both amino acid se-
integrin gene (Wilson et al., 1994), into an ina-1(gm86)/qC1 strainquence and domain structure have been shown to bind
(method described by Mello et al., 1991). A transmitted line rescuing
laminin (Gotwals et al., 1994). all phenotypes of homozygous ina-1(gm86) animals was obtained.
Our model that INA-1 and PAT-3 function as a hetero- Further rescue experiments narrowed the ina-1 rescuing region, and
dimer predicts that ina-1 and pat-3 mutants should have showed that disruption of the ina-1 reading frame abolished rescue
(not shown). Although our transgenic constructs overexpressedcell migration phenotypes in common. This comparison
ina-1 (as assessed by antibody staining, data not shown), they didawaits publication of a detailed analysis of pat-3 mu-
not cause any noticeable phenotypes.tants. While PAT-3 is expressed in body wall muscle and
pat-3 mutants show body wall muscle defects (Williams
and Waterston, 1994; Gettner et al., 1995), we have not Sequencing of cDNA and Mutant Alleles
Several cDNAs for ina-1 were generously provided by Yuji Kohara.detected any body wall muscle expression of INA-1 nor
One full-length cDNA clone, yk6d4, was sequenced. PCR on re-any body wall muscle defects in ina-1(gm86) null mu-
verse-transcribed RNA with exon-specific primers did not detecttants. Thus, it is likely that PAT-3 dimerizes with a differ-
any alternately spliced variants of ina-1 (data not shown). The coding
ent a integrin, possibly the other a integrin identified region of the ina-1 gene was amplified from mutant worms as de-
in worms, F54F2.1, when performing its functions in scribed by Williams et al. (1992), using a long PCR kit (Boehringer).
muscle. This predicted association of one b subunit Mutations were confirmed by sequencing PCR products from three
independent amplifications.with multiple a subunits is similar to the pattern seen in
Drosophila and vertebrate integrins (Hynes, 1992).
Within a few years, the C. elegans genome will have
Mosaic Analysis
been entirely sequenced, making worms the first meta- Mosaic analysis was performed in a strain ncl-1(e1865) ina-1(gm86)
zoans whose complete set of integrin subunits is known. III; gmEx128 {C33C3::F54G8::pRF4} (Miller et al., 1996). C33C3 and
F54G8 are cosmids containing ncl-1(1) and ina-1(1), respectively.Because C. elegans is likely to have fewer integrin sub-
pRF4 is a plasmid containing the dominant rol-6 gene, used as aunits and far fewer heterodimer combinations than are
cotransformation marker. The ncl-1 ina-1(gm86) chromosome wasfound in vertebrates, the identification of each hetero-
constructed by picking Ncl non-Unc recombinants from ncl-1 unc-dimer's role is less likely to be complicated by genetic
36 1/ 1 1 ina-1(gm86) heterozygous parents. Animals of the geno-
redundancy. In addition, the powerof C.elegans interac- type ncl-1 1 ina-1(gm86)/ ncl-1 unc-36 1 were injected with a mix-
tion genetics and the large collection of existing cell ture of 20 mg/ml F54G8, 20 mg/ml C33C3, and 100 mg/ml pRF4.
Transgenic Rol non-Unc animals were tested for rescue ofmigration and notched head mutants that have already
ina-1(gm86) by looking for worms that no longer segregated thebeen obtained through intensive screening should allow
unc-36 marker. A line with a meiotic transmission rate of z70% wasus to identify other proteins that work with integrins and
chosen for mosaic analysis. The ncl-1 mutation, which increases theto study the roles of these proteins in vivo.
size of nucleoli, was used as a cell-autonomous marker to determine
where in the cell lineage the ina-1(1)-containing array had been lost
(Hedgecock and Herman, 1995). For mosaic analysis of the CANExperimental Procedures
migration phenotype, kyIs5 {ceh-23-unc-76-GFP::lin-15(1)} IV, a
GFP reporter that illuminates the CAN cell bodies and axons (ZallenGenetic Methods
Worms were cultured at 208C as described by Brenner (1974). The and Bargmann, unpublished data) was crossed into the mosaic
analysis strain.following mutations were used, described by Brenner (1974) unless
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GFP Fusion Construct (Biospec) using ten 45 s pulses separated by 30 s pauses. The
homogenization buffer was that described by Gettner et al. (1995)In order to include regulatory elements, the ina-1-GFP fusion con-
struct extended from a SmaI site (31302) to a SphI site (16376) for biotin labeling of membranes. The homogenate was filtered
through a 35 mm Nitex screen (Spectrum) and then spun for 2 minsurrounding the ina-1 coding region (23545±19169), and preserved
all introns of the gene. Numbers in parentheses refer to nucleotides at 1,000 g to remove debris, spun for 5 min at 2,500 g to remove
nuclei and cytoskeleton, and then spun for 30 min at 16,000 g toin the F54G8 sequence, accession number Z19155. The GFP re-
porter vector pPD95.77 was modified by replacing the EcoRI±ApaI pellet membranes. The membrane pellet was resuspended in 1±5
ml immunoprecipitation buffer (described by Gettner et al., 1995).fragment with an EcoRI±ApaI fragment from pPD95.11 (both vectors
provided by Andrew Fire) in order to remove the heterologous unc- The extract was rocked for 1 hr and then spun 10 min at 15,000 g. The
supernatant was retained. Immunoprecipitations were performed as54 39 UTR included in the original vector. This vector's GFP gene
has an S65C mutation to increase fluorescence (Heim et al., 1995) as described by Gettner et al. (1995), except that in order to reduce
background in subsequent Western blots, dimethylpimelimidatewell as multiple introns to boost expression. A BamHI±ApaI fragment
containing the GFP gene from this modified pPD95.77 plasmid was (Sigma) was used to covalently link antibodies to protein A beads
(Harlow and Lane, 1988). All immunoprecipitations used the equiva-inserted after the last codon of ina-1. BamHI and ApaI restriction
sites were engineered in the ina-1 gene by amplifying with Pfu poly- lent of 7.5 ml of packed beads and 20 ml of crude serum. For the
peptide competition control, 75 ml of a 10% slurry of anti-INA-1merase (Stratagene). Primers used at the 39 end of the ina-1 coding
region were agtgatatactagtacgaatg and atGGATCCaagtcccgtatcag beads was preincubated for 2 hr at 48C with 40 ml of a 1 mg/ml
solution of INA-1 peptide in Tris-buffered saline, and all 115 ml werecccattct, and primers used at the 59 end of the ina-1 39 UTR were
tacGGGCCCttagatgcctctttatttctt and cggggaaccatggatgcaac. The added to the immunoprecipitation experiment. Immunoprecipitates
were analyzed by Western blots probed with anti-PAT-3 antiserumresulting SpeI±BamHI and ApaI±NcoI amplified fragments were se-
quenced to ensure that no errors had been created before assem- (1:1000 dilution in Tris-buffered saline/5% nonfat dry milk). Alka-
line phosphatase-conjugated goat anti-rabbit antiserum (Promega,bling the final construct.
Along with pRF4 at 100 mg/ml, the GFP construct was injected 1:7500 dilution), and bromochloroindoyl phosphate/nitro blue tetra-
zolium (Boehringer) were used for detection.at both 100 mg/ml and 5 mg/ml to produce the extrachromosomal
arrays gmEx124 and gmEx125, respectively; both arrays rescued
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